Abstract-Thinner solar cells will reduce material costs, but require light trapping for efficient optical absorption. We have already reported development of a method for fabrication of diffractive structures on solar cells. In this paper, we create these structures on wafers with a thickness between 21 and 115 μm, and present measurements on the light-trapping properties of these structures. These properties are compared with those of random pyramid textures, isotropic textures, and a polished sample. We divide optical loss contributions into front-surface reflectance, escape light, and parasitic absorption in the rear reflector. We find that the light-trapping performance of our diffractive structure lies between that of the planar and the random pyramid-textured reference samples. Our processing method, however, causes virtually no thinning of the wafer, is independent of crystal orientation, and does not require seeding from, e.g., saw damage, making it well suited for application to thin silicon wafers.
may be lost due to insufficient absorption in the near infrared. In order to overcome this problem and avoid excessive efficiency loss, an efficient light-trapping scheme must be applied.
For monocrystalline silicon with a 1 0 0 orientation, the industry standard for light-trapping structures today is the random pyramid texture, which is an excellent light-trapping texture created by anisotropic alkaline etching. However, neither for the multicrystalline silicon (mc-silicon) nor for the 1 1 1 -oriented wafers typically created by proton implantation [2] , can the random pyramid texture be applied, and one is left with the far less efficient isotropic acidic etch for surface texturing. Furthermore, both of the aforementioned texturing processes cause significant thinning of the wafer, and seeding for the textures may prove a challenge for wafers with no saw damage [6] . These textures may as such be unsuitable for thin cells altogether.
Diffractive structures are periodic structures with periodicity in the range of the wavelength of light. These structures can be optimized to trap light by tuning their dimensions such as periodicity and structure height [7] . However, fabrication of such structures remains an obstacle for commercial use. Only a few fabrication methods for creation of diffractive structures that are suitable for thin silicon solar cells have been shown, among which are nanoimprint or interference lithography [8] [9] [10] using reactive ion etching and plasma etching. In this paper, we investigate a different route for fabrication of submircometer sized diffractive structures in thin Si wafers based on wet etching.
In previous work [11] , we present a method for fabrication of a hexagonal dimple structure suitable for a diffractive rear reflector. Using isotropic wet etching, the process is suitable both for mc-silicon and for 1 1 1 silicon. In this paper, we investigate the optical properties of these structures, deposited on silicon wafers with a thickness of 21-115 μm. For reference, we use Si wafers with random pyramids, with isotropic texture resulting from acidic etching, and a planar wafer. We quantify the optical absorption as a function of wavelength, and examine sources of loss. As schematically shown in Fig. 1 , we divide the sources of loss into primary reflectance R f , escape light R esc , and absorption in the rear mirror A Ag . Free-carrier absorption (FCA) is neglected in this analysis due to the thin lowly doped substrates (1-10 Ω·cm, p-type). Absorption in the antireflection coating (ARC) is also neglected; both of these approximations are justified later. The primary reflectance consists of the light that is reflected off the front surface and, hence, does not enter the wafer. For a textured surface, some of the light may experience a second bounce off the surface, provided that the surface angles are steep enough. This will reduce front-surface reflection. Double bounces will not occur on a planar surface, and R f The ARC is shown in light blue at the front surface, while the dielectric spacing layer is shown in dark blue at the rear, between the wafer and the reflector. To the left, an evaporated rear reflector is shown, being conformal to the rear-side structure, while to the right, a planar, detached rear reflector is shown. Indicated absorption mechanisms are the front reflectance R f , the silicon absorption A S i , the parasitic absorption in the rear mirror A A g , and the escape light R esc .
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Openings through etch barrier will be higher for planar than for textured front surfaces. Escape light refers to the part of the light that has entered the wafer, but is not absorbed and escapes through the front surface. This contribution is an indication of the light-trapping properties of the texture. Finally, the rear reflector may absorb a fraction of the light that reaches the rear surface. This contribution will depend on the type of metal used, and on the geometry of the reflector. A textured metal surface will have a larger absorption than a planar rear reflector, as a result of enhanced absorption by surface plasmons [12] . In order to investigate the optical properties closer, we shall use our texture either as a front-side texture or as a rear-side texture.
II. EXPERIMENTAL DETAILS

A. Texturing Process
Our method to create honeycomb structures on silicon is schematically represented in Fig. 2 . Details on the process may be found elsewhere [11] , [13] . The spheres have a diameter of 0.96 μm, close to the predicted optimum for a rear-side diffractive grating on 20-μm-thick Si wafers [7] , [14] . In order to be able to process the entire surface uniformly, we have applied a square top-hat intensity profile, by the insertion of a beamshaping element before the focusing lens. The size of the laser spot is approximately 150 μm × 150 μm. The texture is characterized using scanning electron microscopy (SEM).
After creation of the textures, a SiN x ARC is deposited on the front surface of the wafer by plasma-enhanced chemical vapor deposition (PECVD). Our SiN x has a refractive index of 2.0 at 600 nm. We have detectable absorption in SiN x in the wavelength range below 450 nm, constituting an equivalent current loss of 0.06 mA/cm 2 on a planar surface. As this is an insignificant loss, this contribution is neglected in the calculations. A 200-nm-thick PECVD-SiO x spacing layer is deposited on the rear surface. For the rear-side reflector, we apply two different silver (Ag) reflectors. The first Ag reflector is a detached planar reflector, which is evaporated onto a microscope slide and placed at the rear of the wafer. The second Ag reflector is a reflector, which is evaporated onto the rear of the wafer (onto SiO x ). This reflector will follow the shape of the wafer and spacing layer as shown in Fig. 1 .
For the comparison of the properties of the textures, we also prepare reference textures; random pyramid textures and isotropic-textured wafers are prepared from diamond-sawed wafers. For the reference textures, both sides are textured, whereas the diffractive honeycomb structures are single-side textured. The random pyramids are etched in a 1% (wt) KOH, 4% (wt) isopropanol solution at 78
• C for 40 min. The isotropic etched samples are etched in a CP5-solution (10:5:2, HNO3: CH3COOH:HF) at 20
• C for 70 and 180 s. A double-side polished wafer is also used as reference. Each of the reference structures exhibits the same SiN x ARC and SiO x spacing layer as the dimple structures.
B. Optical Characterization and Calculation of Optical Losses
We measure the reflectance of the samples with an integrating sphere in a center-mount configuration, i.e., with the samples inside the integrating sphere (Labsphere RTC-060-SF). Reflectance is first measured with detached rear reflectors, and then measured again after we evaporate Ag onto the rear side of the samples. Using a center-mount configuration implies that reflectance and transmittance are measured simultaneously and cannot be separated; however, we also measure the transmittance above the bandgap of Si to be in the range between 0.1% for Ag deposited on planar surfaces and between 0.3 and 0.7% for Ag deposited on dimples. As such, we ignore transmission as it is close to zero and define the spectral absorption, A meas (λ), as unity minus the measured reflectance, i.e., 1 − R meas (λ). From absorption measurements, we extract the various contributions to optical losses. The method for estimation of the loss contributions is described later.
For wavelengths, above the bandgap of Si (1200-1400 nm) the absorption stabilizes at plateau levels which are typically between a few percent and up toward 20%, as shown in Fig. 4 . We use this plateau value to separate Ag absorption from Si absorption. Hence, we assume a constant rear reflectivity in the spectral range, where Si is sufficiently transparent for light to be transmitted to and absorbed by the Ag rear reflector, i.e., about 800-1400 nm. The measured reflectivity of evaporated Ag varies with less than 1% in this spectral range. Nevertheless, for the case of textured surfaces and thin dielectric layers where Fig. 3 . Absorption in a 90-μm-thick wafer with a Lambertian rear reflector with 99% reflectivity. Absorption found by ray-tracing simulations are compared with estimated absorption extracted using the method described in Section II-B. Also, the correspondence between the simulated front-side reflectance and the linearly extrapolated front-surface reflectance is shown.
interference can occur, the rear-side reflectivity may vary even though the reflectivity of the rear-side material is constant, making the assumption invalid. In our case, the 200-nm SiO x buffer layer does not support any Fabry-Pérot modes above 600 nm, and we observe a flat reflectance curve above the bandgap of Si. These observations do not indicate any resonance effects in the relevant wavelength range, hence supporting our assumption.
We estimate the front-side reflectance R f (λ) by linear extrapolation of the measured reflectance at shorter wavelengths, where the contribution from rear-side reflectance is negligible. Typically, this method of extrapolation results in an overestimation of R f (λ) and corresponding underestimation of escape light. We quantified this error to be in the range 0.1-0.2 mA/cm 2 for planar surfaces by comparison with ray-tracing simulations using the software package TracePro [15] , shown in Fig. 3 as the difference between the blue-dotted line and the red-dashed line. The discrepancy is highest for thin samples and for samples with a planar front side.
We now normalize the absorption spectra by (1 − R f (λ)) to correct for the effect of varying R f (λ) on absorption. These normalized spectra are here marked with prime ( ) symbols, e.g., A meas (λ). The normalized Ag plateau value A plat is equal to the measured absorption above the bandgap wavelength of Si, λ E g , i.e.,
In practice, we used the mean value in the range 1250-1300 nm to determine the plateau value, although the precise choice of this interval did not have any significant influence on our results.
The escape light is the reflected light minus the front-side reflectance, i.e.,
To separate Ag and Si absorption, we used the escape light as a weighting function, by normalizing it with (1 − A plat ); therefore, it ranges between 0 and 1. The Ag absorption A Ag is now found by
This weighting function is unity above the Si bandgap and yields an Ag absorption which is equal to the plateau value. On the other hand, when no light escapes, the sample the weighting function will be zero, and thus, Ag absorption will be zero. This assumption will underestimate the Ag absorption if the rear-side reflectivity is low, as we discuss later. In our case, the rear-side reflectivity is well above 95% for all samples, and the error is not significant.
Our samples are lowly doped (1-10 Ω·cm, p-type). In a worst case scenario with a 1 Ω·cm, 100-μm-thick substrate the FCA is calculated using the model by Green [16] to be less than 1.5% for an optical thickness of 25 times the thickness of the substrate. FCA being small, we ignore the loss contribution from FCA. The light that is not absorbed in Ag is assumed to be Si absorption, A Si (λ):
To get the nonprimed absorption values, we simply multiply the primed values with (1 − R f (λ)). The optical losses that are related to front-side reflectance, parasitic absorption, and escape light can be calculated from R f (λ), A Ag (λ), and R esc (λ).
To test the procedure that is described in this section, we apply it to ray-tracing simulations. The simulations allow the extraction of wavelength-dependent Si absorption, Ag absorption, and front-side reflection. We simulate a planar structure, a structure with a Lambertian reflector with 99% reflectivity, and a double-side pyramidal structure [17] . From reflectance curves, the Ag absorption plateau is extracted. Ag and Si absorption that is determined by the method described previously agrees well with Ag and Si absorption registered by the raytracing program for all test structures. An example is shown in Fig. 3 , where the estimated and simulated Si and Ag absorption is shown, for a Lambertian rear reflector with 99% reflectivity. However, if we reduce the rear-side reflectivity the aforementioned method tends to underestimate the rear absorption. To quantify this effect, we perform the simulation with different Lambertian reflectors. For a rear-side reflectivity of 70, 90, and 99%, we see that the rear absorption is underestimated by an equivalent current of 0.75, 0.25, and 0.02 mA/cm 2 , respectively. The Si absorption is overestimated with the same amount. The samples that we measure have a reflectivity closer to 99% than to 90%; therefore, the error from this approximation is small.
We integrate the optical losses from 0.35 to 1.2 μm, this being a reasonable upper wavelength representing useful light for a silicon solar cell. Fig. 4 shows measured absorption, Si absorption, and the various optical losses in a 28-μm-thick sample with rear-side dimples, as extracted using the method that is described previously. We see that R f contributes both at short and long wavelengths, whereas R esc and A Ag only contribute at long wavelengths, where long optical absorption lengths allow the light to reach the rear surface and potentially to escape through the front of the wafer. Fig. 4 . Optical losses for a 28-μm-thick cell with a planar front side and dimples on the rear side as found using the model described in Section II-B.
In order to quantify the optical properties in terms of current density or current density loss, the spectral properties are weighted against the AM1.5 solar spectrum. From the silicon absorption A Si , we extract the photogenerated current density J ph . Correspondingly, we extract the equivalent current losses from the various loss mechanisms. From R f , we extract the primary reflectance loss J refl , from R esc , the escape light loss J esc , and from A Ag , the loss from parasitic absorption J parasitic . Fig. 5(d) shows an SEM image of the dimple structure within a part of one laser spot. We see a fairly homogenous processing result, with defects at imperfections in the microsphere crystal. The crystal is polycrystalline, i.e., there is periodicity on a short range, but the long-range order is lacking due to relatively small crystal grain sizes. We also see the edge between two adjacent laser spots as a line to the right. Here, the intensity is high enough for removal of the microspheres, but not high enough to penetrate the SiN x etch barrier. Hence, the pattern will not form here. Some larger unprocessed areas are also observed (not shown here), where the microspheres have formed multilayer structures rather than monolayer structures.
III. RESULTS
A. Texturing Process
When the dimple texture is illuminated by a white-light source, a circular diffraction pattern is observed [see Fig. 5(e) ]. The circular pattern is an indication that we do not have any prevailing crystal orientation, as is also obvious from the SEM image. The rainbow colors imply a wavelength dependence of the scattering angle, indicating that the structure is indeed diffractive, and not simply diffuse. This means that although the crystal grains are randomly oriented, the average neighbor to neighbor distances are well defined and are dominating the scattering properties. 
B. Optical Properties of the Samples
The optical properties of the samples are analyzed, and the results are summarized in Fig. 6 . The photogenerated current J ph is shown in Fig. 6(a) . We observe that the samples with front-side structures generate more current than the rear-side structures, a difference of about 2 mA/cm 2 . The samples with detached reflectors generate slightly more current than the ones with evaporated reflectors. Furthermore, we observe that the dimple structures generate more current than the planar reference, but less than the pyramidal structures. We shall analyze the contributions to this behavior in more detail.
Thicker wafers absorb more light than thinner wafers, as a result of the longer absorption lengths available. This is observed in the figure as increasing J ph with increasing wafer thickness. Fig. 6(b) shows the primary reflectance loss J refl . It is around 2 mA/cm 2 higher for the rear-side textures, i.e., the textures with a planar front surface, compared with the front-side textures, explaining the majority of the observed differences in photogenerated current. Textured front surfaces will allow for the light to experience multiple bounces at the wafer surface, increasing the transmission into the wafer. We observe that the random pyramids have a lower J refl than the dimples. The random pyramids texture has steep angles (54.7
C. Primary Reflectance
• ). This ensures multiple bounces for all the incident light and, hence, low primary reflectance. The dimples, on the other hand, have a lower J refl than the isotropic textures.
It is important to note that the differences in J refl will be lower when the cell is encapsulated under module glass and laminate, making this contribution less dominant. Simulations that are performed by Baker-Finch et al. [18] show that a simulated difference in J refl of around 1.8 mA/cm 2 in air is reduced to around 0.6 mA/cm 2 after encapsulation.
D. Escape Light
The escape light increases with decreasing wafer thickness as a result of the shorter optical path lengths that are encountered in this case, as described in Section III-B. This constitutes one of the primary problems with going to thinner wafers for silicon solar cell production, and must be counterbalanced with the application of very efficient light-trapping structures. The escape light loss J esc [see Fig. 6(c) ] for the planar reference is very high, indicating the lack of light trapping in this sample. All other structures behave similarly, indicating that escape light is fairly independent of the texture applied. The scatter in the measurements on the dimples may be indicative of a slight inhomogeneity in the texture. We see that the use of front-and rear-side dimples result in the same J esc , indicating that the light-trapping properties of the texture are similar whether the texture is on the front or rear surface. Surprisingly, the 70-s isotropic etched sample shows the lowest J esc , while showing fairly high primary reflectance loss. This behavior is indicative of the fact that multiple front-surface bounces require quite steep front surface angles, which are not dominant for the isotropic etch, while fairly shallow rear surface angles will ensure that the light reflected from the rear surface will hit the front surface at angles outside of the escape cone of silicon.
E. Parasitic Absorption
We observe that all structures with detached rear reflectors show very low J parasitic [see Fig. 6(d) ]. The evaporated reflectors, on the other hand, have higher J parasitic , indicating a stronger coupling to the rear reflector in this case. For the case of rear dimples with evaporated reflector, we see a significant increase in J parasitic . This trend is not as strong for nondiffractive samples, indicating that microscopic periodicity is required for increased parasitic absorption, as investigated by Springer et al. [12] .
Silver is a material with high reflectivity, minimizing the impact of parasitic absorption. Using, e.g., screen-printed aluminum, which has a much lower reflectivity, would increase J parasitic for all the structures. A screen-printed aluminum would be most detrimental to the rear-structured samples, where the interaction with the rear reflector is strongest. On the other hand, the process that was proposed by Hauser et al. [10] may yield a planar dielectric on microtextured surfaces, reducing J parasitic for rear-structured samples.
IV. DISCUSSION
Other authors have fabricated macroscopic honeycomb structures, using laser processing or masked wet or dry etching. Such structures would also constitute a relevant reference. While direct comparison with the reported results is difficult, it is seen in the literature that deep (deeper than hemispherical) honeycombs as produced by laser drilling [19] or anisotropic etching [20] can perform comparably with random and inverted pyramidal structures on a cell level. However, hemispherical honeycombs that are based on isotropic etching [21] , [22] show much higher front-surface reflectance as a result of the relatively flat bottoms in the dimples, the reflectivity being around 18% on bare silicon at 900-nm wavelength. Our dimple structures show slightly higher reflectivity than these structures, around 21% at the same wavelength. The light-trapping properties are not possible to compare; however, our investigations show that J esc is fairly similar for all the investigated structures with the exception of the polished sample.
In a situation where random pyramid textures are unsuitable due to crystal orientation, where the wafers have no saw damage for seeding of isotropic etches, or where material removal has to be limited, other texturing methods must be found. The use of diffractive structures such as the honeycomb structure may be a good option in this situation.
Microscope images (not shown here) have shown that samples with dimple structures have areas that are not textured. Such areas will naturally not contribute to light trapping or lower reflection. It is, therefore, viable that even better light trapping might be achieved by improving the monolayer fill factor. Improvement of the crystallinity of the diffractive structure may also alter the light-trapping properties.
Laser damage to the wafer has been measured on other samples using similar laser parameters, where etching of 0.27 μm from the surface completely restored bulk lifetime. As such, we do not expect laser damage to be detrimental to this texture when applying ultrashort laser pulses. Furthermore, the fact that our texture is a single-sided texture may be beneficial, potentially simplifying subsequent laser processing (e.g., for local contact openings) on the planar side of the wafer [23] and reducing surface recombination.
V. CONCLUSION
We have fabricated thin silicon wafers with a diffractive structure that is based on a hexagonally ordered dimple pattern, and experimentally compared the light-trapping properties of our structures with a random pyramid texture, isotropic textures, and planar references. We see that applying the texture to the front surface is far more efficient than applying it to the rear surface, as a result of lower front reflectance combined with lower parasitic absorption. The performance of our dimple structures lies between that of the planar and random pyramid textures, being roughly similar to the 70-s isotropic etched structures.
The main sources of loss compared with the random pyramid texture are front-surface reflectance, a contribution which will be significantly lower when the cell is incorporated in a module, and parasitic absorption, especially in the cases where a microstructured rear reflector is used.
The main benefit of our structure is that it is suitable for very thin wafers and wafers without saw damage, and that the etching process does not cause significant thinning of the wafer. Further improvement of the performance of the texture may be obtained through higher area coverage and better crystal quality of the texture, and by improving the hemispherical shape of the dimples.
